Abstract. Twenty pilot-scale test plots were constructed in mid-1998 at the Cyprus Miami mine to investigate the feasibility and cost-effectiveness of various reclamation strategies for establishment of self-sustaining native vegetation on acidic copper tailings. Four reclamation strategies are being tested: (I) directly covering acidic tailings with varying thicknesses of cover soil, (2) removing and/or neutralizing particularly acidic surficial tailings before soil cover placement, (3) chemically and/or physically inhibiting upward water and solute movement using neutralizing and neutral capillary barriers, and ( 4) coustructing a sub grade of neutral tailings beneatl1 cover soil. Preliminary results suggest that thicker soil covers and capillary barrier test plots initially support vegetation to a greater extent than other test plots, probably because of their increased moisture storage capacity. Results also suggest that salts are begimling to migrate upward from underlying tailings into cover soil. Data collected from ongoing vegetation surveys and soil testing will be used to evaluate the effect of various reclamation strategies on vegetation establishment and the potential inlpact of upward salt migration.
Introduction
In 1989, tl1e Cyprus Miami Mining Corporation (CMMC) initiated a tailings reclamation project on inactive impoundments at its copper mine located near Claypool, Arizona (Jones 1991) . Several hundred acres of circunmeutral pH (neutral) mill tailings have been successfully vegetated using a combination of traditional techniques such as soil cover placement, fertilization, and seeding, and innovative holistic resource management techniques such as controlled animal impact. While reclamation of neutral mill tailings has been fairly straightforward, reclamation ofacidic mill and vat-leach tailings will be limited by their phytotoxic nature.
The pilot-scale vegetation test-plot project discussed in this paper was developed by CMMC and Hydro Geo Chem, Inc. to investigate the technical feasibility and cost-effectiveness of establishing self-sustaining native vegetation ou soil covers over acidic mill and vat-leach tailings. Table 1 summarizes the rationale of test-plot design.
1
Mine tailings reclamation options are highly site specific and depend on factors such as climate, chemical and physical properties of the tailings, availability of cover soil, and primary reclaniation objectives (e.g., minimize water or oxygen penetration, minimize erosion, or reclaim for specific land uses). At CMMC, the combination of a semi-arid climate and the phytotoxic nature of tailings presents the primary obstacle to reclamation because of the potential for upward migration of salts into the soil cover as a result of evapotranspiration and diffusion (Barth 1986) . The local availability of Gila Conglomerate cover soil shown to be an effective growth medium (Jones 1991 }, and the large area (up to -1,000 acres) to be potentially reclaimed, excludes the use of biosolids or other treatments designed to increase tl1e suitability of the tailings materials tl1emselves as a growth medium. Because the movement of moisture nnderunsaturated conditions is well understood and was not an important objective in this project, construction oflysimeters to monitor the water balance and extensive soil physical testing is not being conducted. Rather, we are focusing on soil chemical analyses and vegetation survey data to assess the ability of 20 reclamation configuratious to minimize upward salt migration and support vegetation. Although treatments were not randomized or replicated, we expect to collect data which will assist CMMC in making final reclamation de-
cisions.

Test Plot Configuration and Construction
Test plots were constructed in mid-1998 and completed to within a 1-inch thickness of design specifiProceedings America Society of Mining and Reclamation, 1999 pp 157-164 DOI: 10.21000/JASMR99010157 cations using a combination of manual labor and eartlunoving equipment including a Komatsu D-37E bulldozer, a 3-cubic yard capacity Komatsu front-end loader, several IO-cubic yard capacity, ten-wheel haul trucks, and a Caterpillar motor grader. Four main types were constructed (Figures 1 and 2 ):
1. direct coverage (Plots G-J, S, and T), 2. capillary barrier (Plots A-D), 3. surface alteration (Plots K-R), and 4. subgrade addition (Plots E and F).
Plots A through R (Figure 1 ) are approximately 5,000 square feet each while Plots S and T (Figure 2 ) are 10,000 square feet each. The test plots were sized to mini- Ill" GC Cover uver 6" ScrJped Surface 6" GC Cnveruvcr 6" Scraped Surface
Ill" GC Cover nvcr Umc-Amcndcd 6" ScrJpcd S011"ace 6" GC Cover nvcr Lime-Amended 6" Scr. 
Direct Coverage Plots
Gila Conglomerate was directly applied onto the surfaces ofacidic mill tailings (Plots G-J) and acidic vatleach tailings (Plots Sand T). The mill tailings are characteristically fine sands while the vat-leach tailings are gravelly silty sands. The soil was spread in thickness ranging from 6 to 24 inches to evaluate the effects of cover thickness on vegetation quality and upward salt migration.
Capillary Barrier Plots
Acidic vat-leach tailings obtained from a borrow located near Plots S and Twere mechanically screened to isolate the 3/16-inch plus fraction, and used with %-inch minus limestone gravel obtained from a quarry located about 5 miles from the site, to create neutral capillary barriers in Plots C and D. The same limestone gravel was used to create neutralizing capillary barriers in Plots A and B following installation of a geofabric support liner in Plot B. The liner is being used to assess the added benefit of minimizing fine-grained, acidic mill tailings intrusion into the pores of the capillary barrier. Gila Conglomerate was spread on top of the capillary barriers in thickness ranging from 6 to 18 inches. While capillary barriers are likely to be cost-prohibitive on a large scale, they were included in the study to allow an evaluation of their effectiveness if they need to be used in highly acidic areas where other cover types might fail.
Surface Alteration Plots
Particularly acidic surficial mill tailings were removed from the area currently occupied by Plots M through R by scraping the surface to a depth of 6 inches. The total acidity in the top 6 inches of the resulting surface beneath Plots Q and R was neutralized by evenly applying, cross-ripping, and hydrating 'le-inch-minus quicklime. The amount of lime added was based on the results oflime requirement and acid-base accounting tests. The total acidity of top 6 inches of the intact acidic mill tailings surface beneath Plots K and L was neutralized in the same manner. Gila Conglomerate cover soil was applied in thickness ranging from 6 to 18 inches following surface alteration. Surficial tailings were removed and/or neutralized with lime in these test plots to assess the additional benefit that these techniques would provide in minimizing upward salt migration and supporting vegetation. 
Subgrade Addition Plots
,.,
Potential future regrading options for tailings impoundments which would place neutral tailings above acidic tailings are being evaluated in subgrade addition test plots. Sandy neutral mill tailings used in Plots E and F (and surface alteration Plots Q and R) were obtained from a nearby inactive CMMC tailings impoundment The neutral mill tailings were dumped and spread in either 6-or 12-inch thicknesses on the intact acidic mill tailings surface before 6-inch Gila Conglomerate cover placement
Hydroseeding
Following construction, all test plots were hydroseeded using an aqueous slurry composed of the following materials:
• seed mix as described in Table 2, • a net 23% nitrogen, 13% phosphoric acid, 0% potassium (23-13-0) fertilizer composed of2 parts ammonium phosphate (16-20-0) and 1 part slow-release methylene urea (38-0-0) at 287 lbs/acre,
• cellulose fiber mulch at 230 lbs/acre,
• hmnic acid soil conditioner at 17 gallons/acre, 160 Common Name 
Precipitation and Irrigation
Figure 3 illustrates precipitation measured in rain gauges near the test plots between July 8, 1998 and March 16, 1999. About 70% of the 6.6 inches of total precipitation over this 8-month period resulted from brief and intense summer thunderstorms. Although seedlings were growing on all test plots by mid-September 1998, uneven rainfall caused them to be inconsistently distributed. To compensate for the variable rainfall, about 1.5 inches of water was applied on Plots A through R over a four-day period using a temporary five-line, center-pivot sprinkler system along with hydroseeder truck applications in late September 1998. About the same amount of water was applied on Plots S and T over the same four days. No additional irrigation has been applied.
Preliminary Results and Discussion
Vegetation Surveys
Four surveys are planned over two years to document the density, diversity, and health of plants on each test plot. Surveys are scheduled for fall and spring in order to record the activity of both warm-and cool-season vegetation. Table 4 summarizes the data being gathered on all test plots including indices which measure plant response over time. Results from the first survey (October 1998) are summarized in Table 5 and discussed below. Results from all four surveys will be used to evaluate the effectiveness of plot configurations in sustaining plant communities.
, .
• ... The diversity index measures the proportion of seeded species observed to be growing on each test plot (Table 4) . Given that7 of the 27 seeded species are exclusively cold-season plants (Table 2) , the maximum diversity index at this time should be0.74. Values for this index in October 1998 ranged from 0.59 to 0.78, indicating that most species had germinated. However, the density of plants varied considerably (0.7 to 5.9 plants per square foot), as did the health of plants as measured by the health and vigor indices (Tables 4 and 5 ).
Variation in vegetation quality and quantity during the initial stages of this project is probably more due to differences in soil cover thickness and subgrade type than chemical effects such as upward salt migration from underlying acidic tailings. For example, the capillary barrier test plots (A through D; Figure I ) established denser stands of healthy vegetation as compared to the other test plots (Table 5) , probably because capillary forces led to the preferential retention of moisture in the finer-grained cover soil above gravel. Moreover, it appears that the thinner the cover over the capillary barrier, the healthier and denser plants became ( compare indices for Plots A through D, Table 5 ). Although this seems counterintnitive, it makes sense physically because the cover soil above the capillary barrier acts like a sponge due to its finer texture. If the same amount of water is applied to the thinner cover (smaller sponge) as the thicker cover (bigger sponge), the thinner cover will become more saturated than the thicker cover because of its smaller volume. Thus, cover soil in Plot C could provide more available moisture to seedlings with shallow root systems and consequently supported the densest and healthiest plant populations (Table 5) .
Despite these preliminary observations, we expect that thicker covers over capillary barriers will even- tually support vegetation to a greater extent because they have the potential to hold more moisture and provide a greater rooting volume to plants. This same premise holds true for those configurations without a capillary barrier because there is no sub grade to prevent water from moving deeper in the profile. For example, 12-inch direct coverage Plot S had considerably greater biomass and health indices than 6-inch direct coverage Plot T (Table 5) . Nevertheless, the fact that we do not see a similar effect in the other four direct coverage test plots (G through J) indicates that other variables are likely influencing the initial vegetation growth on the test plots.
Salt Migration Study
Baseline Conditions. Baseline soil chemical conditions were evaluated using the following analyses: I) ammonium acetate-extractable calcium, magnesium, sodium, and potassium: 2) bromide, chloride, molybdenum, nitrate, and electrical conductivity in a I: I weight/weight soil:deionized water extraction; 3) sodium bicarbonateextractable phosphorus; 4) diethylenetriaminepentaacetic acid-extractable zinc, iron, manganese, copper, and lead; 5) hot-water extractable boron; 6) potassium chlorideextractable aluminum and anunonium; and 7) paste pH in a I: I weight/weight soil:deionized water slurry. Methods used for these analyses are described in Sparks et al. (1996) .
Baseline results are compared to values that may be detrimental to plants (Table 6 ). All tested materials lack between 3 and 7 of the following plant macro-or micronutrients: nitrogen, boron, calcium, iron, magnesium, manganese, phosphorus, potassium, and zinc. Acidic mill and vat-leach tailings have potentially phytotoxic concentrations of aluminum and copper in addition to detrimental pH values. Neutral mill tailings used as a subgrade in Plots E, F, Q, and R contain high concentrations of copper and molybdenum.
Baseline results were used to select indicator constituents for salt migration monitoring over time. Aluminum, iron, manganese, molybdenum, calcium, copper, boron, paste pH, and electrical conductivity were identified as key constituents because they differ greatly between Gila Conglomerate cover soil and various subgrades.
Winter 1999 Results. Soil samples were collected at the base of the Gila Conglomerate covers near the center of the test plots in February 1999. Results were compared to baseline results using two-sample !-tests (Table 7) . Iron concentrations in all sampled test plots were significantly greater than baseline iron values, suggesting upward mi- 163 gration of iron salts or weathering of disturbed iron minerals in the excavated Gila Conglomerate. Manganese concentrations at the base of the cover iu Plots Q and R have increased over baseline values (Tables 6 and 7) . Judging from baseline results (Table 6 ), the manganese source may be the acidic mill tailings beneath the Gila Conglomerate cover and neutral mill tailings subgrade. Increases in molybdenum concentrations have also occurred at the base of the Gila Conglomerate covers overlying the neutral mill tailings sub grade in Plots E, F, Q, and R. Because the neutral mill tailings were the only material having appreciable baseline concentrations of molybdenum (Table 6) , concentration increases iu the covers are probably due to upward salt migration from this subgrade.
Smnmary and Conclusions
The pilot-scale vegetation test plots were designed and constructed at CMMC to evaluate the technical feasibility and cost-effectiveness of establishing and sustaining native vegetation on acidic tailings. Preliminary results suggest that thicker direct coverage and capillary barrier test plots are initially supporting vegetation to a greater extent than other test plots, perhaps because of their enhanced ability to store moisture. Preliminary soil testing resnlts suggest that salts may be beginning to migrate upward from underlying subgrades into the Gila Conglomerate covers. Future soil sampling and analysis at various depths within selected test plots will be used to monitor the advancement of underlying salts into the vegetated covers.
